This paper examines how new and creative relationships in datasets, not easily revealed by conventional information retrieval methods and technologies, can be identified using a mix of established and new methods. The authors present how the integration of computerised morphological analysis with new computational models, incorporating web crawler, data processing networking and data mining algorithms, can help facilitate the identification of new ideas. Boden's concept of 'Combinational Creativity' indicates a structured process, which generates unfamiliar combinations of familiar concepts and constructs allowing creative styles of thought. This structured approach has been constrained by the resultant combinatorial explosion and the dearth of easily accessible computer software and supporting methodologies, to help identify viable new solutions. Feature-enhanced computerised morphological analysis provides a new structural support tool for creativity and innovation. Morphological analysis systematically structures and examines all the possible relationships in a multidimensional, highly complex, usually non-quantifiable problem space. Computerisation of the process now permits large number of configurations (millions) in the problem space to be majorly reduced (typically > 95%), identifying only internally consistent solutions. These solutions are likely to embrace configurations containing something, which has not previously been considered, thus increasing the probability of some form of technological or design breakthrough and hence truly creative.
Introduction to morphological analysis
The objective of the paper is to identify current the status of morphological analysis (MA) and its limitations. Whilst MA is presented as a viable method for structuring problems related to the inherent uncertainty of early stage innovation and creativity, current shortcomings in the process are identified. Based on this assessment, the paper then goes on to identify potential areas for future research, notably at the establishment of a more evidence based and objective problem space as opposed to just expert opinion. Hence, the primary aim is to present the state of the art and way forward by means of a research project integrating data analytic (DA) methods.
MA is a generic process, which can be applied to a wide range of disciplines and is one of a broader range of methods called problem structuring methods (PSMs). 1 PSMs are a set of methodologies to support groups confronted with problems involving multiple actors, conflicting perspectives and key uncertainties. They are a branch of Operational Research that applies rigourous scientific methods to tackle realworld problems.
MA can be applied to support research in three key domains:
1. Creativity and innovation, and technological forecasting. 2. Futures and scenario planning.
Systems uncertainties (or 'wicked problems').
Its specific function is to reduce large potential research problems spaces made up of interconnecting, 1 Strategy Foresight Ltd, UK 2 Dyson School of Design Engineering, Imperial College London, South Kensington Campus, London, UK multivariable parameters relating to the problem, and reducing them to a much smaller set of viable options.
As a method it specifically seeks to address earlier phases of the research process, aiming to filter out those options deemed to be internally inconsistent and/or leading to negative unintended consequences in the decision cycle. Its objective is not to produce one single option but rather reduce early stage uncertainty to much narrower sets of options which can be explored further by other hierarchical approaches, such as multi-criteria decision analysis methods (including the analytic hierarchy process (AHP), Promethee, clustering analysis and causal layered analysis). Acting at the uncertain end of the uncertainty/ risk spectrum this conforms to the position that whereas risk works with probabilities which can be quantified, uncertainty due to its very nature cannot be quantified. The authors' view is that all too often decision makers seek a numerical/quantified solution for problems where such quantification is superfluous or not relevant due to the very nature of uncertaintymitigation being the prime objective under such circumstances.
MA can also be referred to as 'Totality research,' 'Idea factory,' 'Strategic options analysis' or to use Red Team terminology 'Alternative analysis' (NATO Alternative Analysis (Red Teaming concept) HQ NATO ACT 11 March 2011). Such problems are not only complex but exacerbated by high levels of interconnectivity adding further complexity to the problem. By identifying all the variables relating to the problem, all possible combinations of these variables (configurations) are examined. Each set of configurations generated can be considered as a bundle of attributes.
2 Through a reductive process, whereby inconsistent individual pairs of variable are filtered out with the help of software, computing only those configurations where all variables are consistent with one another, a final set of viable solutions can be compiled for further analysis. 3 MA defines a problem as a set of key parameters. Each parameter is broken down into a set of discrete states or dimensions, being qualitative or quantitative in nature. The scale of the problem is represented as a product of all the selected parameters and their individual states expressed as a total number of configurations. This is the Problem Space.
Configurations, where each state within a parameter is deemed consistent with every other state across the other parameters, are identified and isolated via the process of assessing consistency of each pairedcell. An algorithm extracts only those configurations where each of the individual states within each parameter is consistent (i.e. where no constraints exist between pairs of states across the parameter set or configuration). This majorly reduces the number of viable configurations as solutions and is compiled as the Solution Space. . The process mitigates the risk of making the wrong decision in the face of uncertainty. It does this by structuring the problem, filtering out inconsistent relationships within the problem boundary, to generate a much-reduced set of workable solutions. As an idea factory, it processes unstructured ideas and concepts and renders them down to a set of modular components, which can be used to help in the construction of new and innovative 'products' or concepts. . The process, on the one hand helps reduce the chance that events will play out in a way not previously considered (mitigating negative unintended consequences), yet on the other, can identify innovative options also not previously considered (positive unintended consequences). . This reduced set of viable options accommodates multiple perspectives to deal with uncertainties and new phenomena, rather than prescribe a single solution. . MA itself is an extension of the morphological method, and was developed in its most recent manifestation in the period 1940-1970 by the astrophysicist Fritz Zwicky. 
How MA works
In a morphological model, there is no pre-defined driver or independent variable. Any parameter, or set of parameters or discrete states within a parameter -can be designated as a driver. 5 It is this ability to define any combination of conditions as an input or output that gives morphological models such flexibility. Thus, given a certain set of conditions -what is inferred with respect to other conditions in the model?
This 'what if' functionality makes MA an extremely powerful tool, and when combined with software, allows researchers to explore viable alternatives in real time. In essence, MA can be introduced to help shape and identify possible paths for analysts of all types (be they designers, forecasters, creatives and policy framework initiators).
The MA process (as in Figure 1 ) consists of three core phases: problem articulation (as shown in Figure  2 ), identification of the inconsistencies with the problem space (as in Figure 3 ), and finally, compilation of the solutions (as shown in Figure 4) .
The latest software interfaces across the three main components, problem space, cross-consistency assessment (CCA) and solution space, are shown below.
1. The problem space. 2. CCA matrix (pairwise analysis) based on the transformation of the problem space.
In addition, each of the parameters and states in the problem space, as well as the individual pairwise cells in the CCA matrix can be provided with a text box. This feature acts as an audit trail to record the rationale and description for each component selected to populate the problem space matrix and for the choice of constraint in each cell in the CCA matrix. These notes can now be exported back into Excel to be published in consolidate audit note form. 
Current process issues
Whilst the current MA methodology is sound, with proven supporting software, the overall process itself, notably the determination and populating the problem space and the somewhat onerous process of the CCA, has been shown to act as an operational constraint in gaining broader user acceptance of the overall process. It is demanding of resources in terms of time, number of personnel required to make up the expert team of stakeholders as well as the operational matter of bringing the team together in one place. In addition, to what extent does this expert team approach reflect real objective evidence-based input? This set of issues requires an innovative re-appraisal if such constraints are to be mitigated if not overcome. It has been identified that a way forward might be to integrate DA and artificial intelligence (AI) methods into the process to address these constraints. Can DA and AI address the 'length of process' issue?
State-of-the-art processes for PSMs such as MA and other methods including the Delphi method, strategic choice approach (SCA) and the analytic hierarch process (AHP) also prescribe a (usually) small (5-7) group approach composed of heterogeneous experts. These methods as they are currently performed, also suffer from the same operational and logistical constraints as that identified by MA.
A secondary key requirement is to use this same group profile to cross reference each of the subcomponents generated by the problem space (CCA for MA and more or less preferences in the case of AHP).
It is believed that DA and AI technologies can help access higher levels of knowledge and objectivity than that currently prescribed by MA/AHP/Delphi type methodologies within shorter timeframes and a reduction in logistical constraints. The application of DA and AI technologies has the potential for PSMs such as MA, AHP and Delphi type methods to reach a broader band of time and resource constrained potential users. Current facilitating technologies include data analysis domains such as natural language processing (NLP), dominance-based rough set approach (DRSA) and creative knowledge discovery (CKD).
This section of the paper will identify how the facilitating technologies identified above might be applied to help populate, initially the problem space and then the pairwise analysis (CCA) within the overall MA process. In other words, DA and AI methods will be deployed iteratively to address the population of content issues. The rationale for such an approach is that whereas the population of the problem space is more holistic, seeking to interrogate broad spans of data, the pairwise analysis for CCA is more granular or more narrowly defined. This would indicate that two different types of DA methods would have to be employed.
Research carried out by a team of researchers at Imperial College London (Chen, Shi and Han) has led to the creation of a prototype data-driven creativity engine (B-link). 6 The notion of a creativity engine 7 is to augment or automate generative processes. In the case of B-link, the engine allows the user to explore knowledge and support the discovery of creativity. It is presented as a platform with a well-designed interface and cutting-edge visualisation technology, and is driven by an advanced data mining algorithm. Within the B-link platform, users are able to freely explore words and phrases based on their knowledge, with results being shown in the form of lists and a network. Benefiting from advanced network visualisation technology, the user is able to interact with the results shown in network, discovering knowledge associations and domains.
Creative knowledge discovery can be defined as the attempt to find valuable, previously unknown (or ignored) relationships between concepts, so as to create new patterns either by taking advantage of existing patterns or by analogy to patterns in other domains. The CKD approach covers research areas such as knowledge discovery in datasets (KDD), natural language processing and creativity theory. Chen et al. 8 has also explored how CKD, also known as creative information exploration, can integrate with data mining and network analysis processes to examine large volumes of heterogeneous information. The network-based computational model developed by them is demonstrated to be capable of obtaining creative insights from the network graph generated by users given a million size academic publication datasets.
Apart from being classified as a problem structuring method, a key application of MA has been as an Ideation method especially in the area of technological forecast, 4,9 whilst Majaro 10 calls MA an 'ideas factory.' As highlighted earlier, MA allows for the generation of large numbers of different combinations which then have to be assessed using pairwise analysis. It can be argued that the combinatorial nature of MA is closely aligned with Boden's 11 concept of combinatorial creativity. Rather than use only multi-disciplinary stakeholder experts Boden's second arguments points towards integrating computational creativity as a means to generate new ideas and draws on concepts within the field of AI -the latter being defined as a discipline aiming to model, simulate or replicate (human) intelligence. Boden 11 suggests that AI concepts could be used to define and construct artificial conceptual spaces which could then be studied and eventually be used to combine elements from the spaces, and to explore and transform such spaces with the aim of generating creative insight and solutions. It is from this theoretical background that we see the close alignment between the combinatorial generation of new 'ideas,' consisting of multiple, often diverse sub-components, via MA and the direction identified by Boden in relation to creativity. As a method, however, MA adds further value as within its process is a means to filter out inconsistent configurations and seek out only smaller sets of viable options from potentially large idea universes.
Initial research, based on the above theoretical linkages, would indicate that as an integrative conceptual development there remains scope for a pilot study to combine MA, with its combinatorial ability and the B-link model.
Objectives and outline of research project
At this early stage, it is recommended that research into comparing the efficacy of the two 'lineages' be restricted to the population of the problem space. The initial lineage uses the classic facilitated expert team workshop approach whilst the second lineage can use B-link to generate both parameters and states for the PS. A draft sequence of research actions This last item would involve a comparison of the main resources used such as time/man-hours plus of course an objective evaluation of the quality of output. The core outputs of the research will be to determine:
1. How does the quality of the problem space content of the semi-automated process compare with the traditional, manual process? 2. Does the replacing of the multi-stakeholder of experts by automated data search and retrieval impact the quality of the content within the problem space? 3. If not then can this approach overcome, or mitigate, the logistical issue of bringing together physically a team of experts who may be time constrained as well as geographically dispersed?
This will also open use of the MA method to a potentially wider audience as it can be used effectively by small research teams (2-3) or even individual research as an exploratory method. 4. Can the PS be generated in a faster time than the current approach? This could allow multiple projects be run around a theme without overly compromising time schedules.
It will be noted that at this stage in the pilot programme it is not intended to carry out CCA analysis. This is because the new process being tested needs to be validated as a viable input generator for the problem space. If the quality of the PS is not suitably validated then further work involving the CCA is superfluous and alternative approaches to applying DA methods will need to be developed and tested.
However, as Chen et al. 8 has indicated that Koestler's 12,13 notion of bisociation, our particular aim is to develop concepts and solutions that facilitate bisociative CIE (creative information exploration) tasks. Bisociative CIE could be viewed as an approach that seeks to combine elements from two or more 'incompatible' concept or information spaces (domains) to generate creative solutions and insight. It is here that there is a potential alignment between bisociative CIE and the second phase of research in relation to pair-wise analysis within the CCA, as it may offer greater granularity.
Other possible data analytic approaches
One of the problems facing practitioners wishing to apply DA and AI to addressing automation of decision support methods, is the seemingly plethora of DA and AI approaches. In this brief section, the paper outlines two other potential, often overlapping approaches to extracting data for population of problem spaces.
Dominance-based rough set approach
Work carried out by a specialist defence 14 proposes the application of DRSA in relation to a decision support tool. The purpose of the tool was to help analysts to quickly identify and prioritise reports containing high interest items versus less important reports -in essence filtering out less important data items. A secondary benefit was to extract more useful intelligence (i.e. relevant data) more quickly and to gain better situational awareness. The researchers identified that the dominance relation approach identified preferred ordered attributes and decision classes. Key advantages were identified as having the flexibility to work with multiple data formats, better identification of gaps and inconsistencies in the data, simplification of 'If-Then' rules. The DRSA algorithm was thus used as a pre-filter for analysing big data sets. Contact has been made by one of the authors of this paper with Polaris to explore potential synergies.
Use of ontologies
Ontologies can help improve the quality of search results based on using keywords as the prime search mechanism. They can eliminate irrelevant results based on keywords alone by using two forms of ontology: document structure (key components and domain/entity) and class hierarchy and equivalence. It is suggested that using both is required to obtain optimum results. The issue remains of whether ontologies alone are sufficient as they may be less likely to pick up potential relationships across domains and narrow fields of search to too narrow. Consequently, the researcher will have to take great care to avoid 'data group think' whilst can limit the search for not easily visible relationships.
Conclusion and recommendations for further research
This paper has sought to present how the introduction of DA methods can be applied to reducing a number of operational constraints that impact a variety of group-based early stage decision support methods. Using MA as an example of such a method and research outline has been proposed which will enable a prototype creativity engine, B-link, to be deployed as a 'proxy expert team' to help populate both parameters and states within the parameter set for a defined problem space. The research will aim to identify whether such automated methods can enhance the overall process required for MA.
The next phase proposed is for an empirical study to be carried out along the guidelines identified in the section on 'Outline of Research Project.' This will require the research team to select an early stage design problem to act as a case study. A dual process, whereby the current approach can be tested against the automated population of the problem space, can then be run. This will allow the team to compare the outcomes and resources required of the two methods and identify to what extent DA methods can improve the process time and quality of output when populating the PS. The level of success of the new approach against the traditional approach will act as strong indicator to explore further DA methods in relation to the CCA pairwise analysis sequence -which is expected to throw up more granular analysis issues.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
Funding
The author(s) received no financial support for the research, authorship, and/or publication of this article.
ORCID iD
Ji Han http://orcid.org/0000-0003-3240-4942
